Purpose. Acanthamoeba castellani, ATCC 30234, cysts, and trophozoites after a 6-hour exposure. Methods. Trophozoite cultures were prepared at Bio-Concept Laboratories in vented tissue culture flasks containing peptone yeast glucose broth by incubation (35°C Ϯ 1°C for 11 days). Cyst suspensions were prepared by incubation of trophozoites in phosphate-buffered saline plus heat-killed yeast on Page's saline agar plates (35°C Ϯ 1°C for 14 days). The solutions were inoculated in triplicate in respective lens cases. After the 6-hour exposure, aliquots of challenged solutions were transferred to Dey-Engley neutralizing broth and further diluted in peptone yeast glucose broth in tissue culture plates to the -7 dilution. Flasks and plates were incubated for 14 days at 35°C Ϯ 1°C and were examined with an inverted light microscope at day 14 for the presence of viable trophozoites. The most probable number method was used for approximate enumeration of the number of survivors. Results. Mean log reductions for cysts were 1.8 for Clear Care/AOSEPT Plus, 2.0 for BLUE Vision/BLUE SEPT, 0.7 for Oxysept 1 Step, 0.5 for OPTI-FREE Express with Aldox, and 0.2 for easyvision one stepϩ. Mean log reductions for trophozoites were 2.2 for Clear Care/AOSEPT Plus, 2.7 for BLUE Vision/ BLUE SEPT, 2.5 for Oxysept 1 Step, 2.5 for OPTI-FREE Express with Aldox, and 1.8 for easyvision one stepϩ. Conclusions. Only Clear Care/AOSEPT Plus and BLUE Vision/BLUE SEPT showed high levels of antimicrobial activity against the cyst form of A. castellani. Oxysept 1 Step showed mild activity against the cysts and easyvision one stepϩ and OPTI-FREE Express with Aldox showed virtually no antiacanthamoeba activity against the cyst form after 6 hours of exposure.
cases were diagnosed over an unusual geographic distribution, a sevenfold increase over historic Acanthamoeba keratitis rates for the area. 3 Of the 40 cases, 38 were contact lens wearers, and 35 of the contact lens wearers wore soft contact lenses. 3 Acanthamoeba keratitis has historically been more often associated with soft contact lenses or disposable soft lenses rather than rigid gaspermeable or polymethylmethacrylate lenses 4, 5 because of the amoeba's surface attachment propensities. Recent in vitro studies by Beattie et al. 6 have also suggested that Acanthamoeba may have a greater affinity for first-generation silicone hydrogel lenses than for second-generation silicone hydrogel lenses and conventional hydrogel lenses. Despite the reported increased level of Acanthamoeba attachment, however, population-based studies have failed to establish significant differences between keratitis incidence rates with the extended wear of silicone hydrogel lenses and extended wear of conventional hydrogel lenses. 6 It is theorized that the Chicago outbreak may have been related to a 1998 U.S. Environmental Protection Agency ruling that reduced the allowable amount of carcinogenic disinfection byproducts, including chlorine, in drinking water supplies. 3 Free-living amoeba, includingAcanthamoeba , have been isolated in domestic tap water, and water storage tanks. 7 Chlorine levels influence the degree of biofilm contamination of water distribution system pipes, which serves as a food source for Acanthamoeba . Chlorine is effective against many strains of planktonic bacteria and Acanthamoeba trophozoites, but not as effective against cysts. 8, 9 However, organisms growing in a biofilm may be more resistant to disinfection. 10 One scenario that may explain the Chicago outbreak pattern is that biofilms were more prevalent downstream, at lower residual chlorine concentrations, and rendered users further from the chlorine treatment point more likely to have water contaminated with Acanthamoeba and other microorganisms. 3 When contaminated tap water is used to rinse and clean contact lenses and lens cases, microorganisms may be subsequently transferred to the eye, where they may cause infection. A second outbreak of Acanthamoeba keratitis in Philadelphia in 2005 may also be associated with altered water treatment levels. 3 Additionally, patients in the Philadelphia outbreak reported exposure to well water. 11 Orthokeratology, a clinical technique that uses specially designed and fitted rigid contact lenses to flatten and reshape the cornea for the treatment of myopia, has had a surprisingly high frequency of associated Acanthamoeba keratitis. 12 A study by Watt and Swarbrick 12 reported 30% of cases of Acanthamoeba keratitis occurred in orthokeratology lens wearers compared with 3% to 5% in traditional soft contact lens wearers. In orthokeratology treatment, the lenses are traditionally worn exclusively overnight, in a closed-eye environment conducive to microbial propagation. 13 Exposure to Acanthamoeba in contaminated water has been noted as a chief implicating keratitis factor, leading to the recent recommendation that tap water not be used in the care of orthokeratology lenses and cases. 12 Infrequent and ineffective lens disinfection regimens and other forms of patient noncompliance may also contribute to the increased infection rate. 1,5,7,9,11,16 -19 Many orthokeratology lens wearers are children, often younger than the age of 15 and often of Asian ethnicity. Little research has been done to date to determine whether children are more at risk of developing contact lens-associated microbial keratitis. 12 Lin et al. 14 reported that Asian patients showed a greater increase in corneal epithelial permeability than non-Asian subjects after overnight lens wear, suggesting that the Asian epithelial barrier may become more easily compromised.
Additional risk factors identified for Acanthamoeba keratitis include male gender, swimming in lenses, and use of homemade saline solutions. 1, 2, [15] [16] [17] [18] [19] [20] [21] After the identification of homemade saline as a primary risk factor, a widespread change in prescribing habits has nearly eliminated the exposure to homemade saline, because many manufacturers halted the distribution of the salt tablet systems for the disinfection of contact lenses. Other risk factors related to solution noncompliance and storage of lenses have been attenuated with increased public awareness and professional training. 1 The study of the efficacy of contact lens disinfection systems has remained at the core of Acanthamoeba research in the last decade. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The choice of a highly efficacious lens disinfection system is one factor that can improve a patient's ability to avoid exposure to Acanthamoeba with minimal impact on the convenience or desirability of lens wear. In recent years, many systems have been introduced that do not require the patient to complete a rubbing step as part of lens disinfection. The purpose of this study was to evaluate the efficacy of four hydrogen peroxide disinfection systems and one multipurpose system against Acanthamoeba castellani cysts and trophozoites.
MATERIALS AND METHODS
The products used in this study were obtained from commercial sources. The hydrogen peroxide disinfecting solutions were Clear Care (also known as AOSEPT Plus) (CIBA Vision, Duluth, GA), BLUE Vision (also known as BLUE SEPT) (CIBA Vision), Oxysept 1 Step (Advanced Medical Optics, Santa Ana, CA), and easyvision one stepϩ (Specsavers UK, Ltd., Kingston on Thames, United Kingdom). The multipurpose disinfecting solution OPTI-FREE Express with Aldox (Alcon, Fort Worth, TX) was also tested. The lens care solutions were tested in their respective lens cases (Table 1) .
Media and reagents were obtained from commercial sources. The media and reagents included peptone yeast glucose broth with 18.8 units of streptomycin and 24.9 units of penicillin per milliliter, Page's saline agar, Dey-Engley neutralizing broth, phosphatebuffered saline, and phosphate-buffered saline with 0.05% Tween 80. Peptone yeast glucose broth plus heat-killed yeast cells was used as the recovery media.
Preparation of Trophozoite Suspensions
Frozen stocks of A. castellani American Type Culture Collection (ATCC) 30234 cysts were inoculated into vented tissue culture flasks containing approximately 60 mL of peptone yeast glucose broth with heat-killed yeast cells and antibiotic solution. The flasks were incubated for 11 days at 35°C Ϯ 1°C to obtain motile trophozoites. On day 12, the flasks were scraped with sterile loops to dislodge the trophozoites. The trophozoite suspensions were centrifuged at 275g for 10 minutes at room temperature and then decanted to yield the trophozoite pellet. The pellet was washed twice by resuspension in phosphate-buffered saline and subsequent centrifugation.
Preparation of Cyst Suspensions
Cyst suspensions were prepared by suspension of trophozoites in phosphate-buffered saline plus heat-killed yeast cells, placement of 1-mL aliquots of the suspension on Page's saline agar plates, and spreading of the suspension over the agar surface. Plates were wrapped in Parafilm (American National Can., Greenwich, CT) and were incubated upright at 35°C Ϯ 1°C for 14 days. After the cysts had formed, approximately 5 mL of phosphate-buffered saline with Tween was added to the agar surface of each plate. The agar surface was rubbed gently with a sterile swab to dislodge the cysts. The cyst-phosphate-buffered saline with Tween suspension was transferred to a 50-mL centrifuge tube and centrifuged at 1,400g for 10 minutes. The supernatant was decanted, and the pellet was washed twice by resuspension in phosphate-buffered saline and centrifugation. After the final wash, the pellet was resuspended in phosphatebuffered saline. Estimates of the initial cyst inocula were determined by counting a 1:10 dilution of the suspension with a hemacytometer.
Preparation of Lens Cases
Lens cases were predisinfected by filling with 3% hydrogen peroxide and leaving for 6 hours. Cases were then rinsed with sterile Milli-Q water and allowed to dry. Cases for BLUE Vision, Oxysept 1
Step, and OPTI-FREE Express were then pre-filled before the start of the test with the appropriate amount of solution. The Clear Care/AOSEPT Plus and easyvision one stepϩ cases, which use catalytic disks to neutralize the hydrogen peroxide, were filled immediately after case inoculation. Two tubes of phosphatebuffered saline were prepared as positive controls (viability control), and two tubes of phosphate-buffered saline were left noninoculated as negative controls.
Disinfection Phase
Three replicates of each test disinfection system were inoculated with cysts and three replicates with trophozoites at a concentration of approximately 1 ϫ 10 4 to 1 ϫ 10 5 per milliliter. The volume of inoculum was adjusted according to the volume of test solution in the lens case to achieve the 1 ϫ 10 4 to 1 ϫ 10 5 per milliliter concentration. Immediately after inoculation, the solution with inoculum was mixed by aspiration of at least three 5-mL quantities from each lens case. If a neutralizing tablet was included as part of the regimen, it was added after the mixing step. The 6-hour exposure time was tracked with a stopwatch.
Recovery Phase
The concentrations of organisms in the test samples, including the phosphate-buffered saline viability control, were estimated by using the most probable number method in peptone yeast glucose plus heat-killed yeast liquid media because Acanthamoeba do not form colonies but exist as motile organisms in liquid media or on agar. Therefore, the presence or absence of viable trophozoites and cysts was assessed in the wells of the tissue culture plates (Tables  2 and 3 ) and the dilution was noted. Approximate log reductions were calculated based on the dilution at which survivors were detected compared to the dilution of the phosphate-buffered saline viability control. For the test solution dilutions, each dilution below the phosphate-buffered saline viability control dilution was considered a 1-log reduction. Each test sample was mixed by aspirating for 30 seconds before the 6-hour period had elapsed. Two 1.0-mL aliquots were removed from each lens case and were added to two tubes each containing 9 mL of Dey-Engley neutralizing broth. Two 1.0-mL aliquots were transferred from one of the Dey-Engley neutralizing broth tubes to two tissue culture flasks containing 9.0 mL of peptone yeast glucose broth. Further dilu-tions were performed (0.1-0.9 mL) from one of the latter peptone yeast glucose broth tubes to the -7 dilution. The second Dey-Engley neutralizing broth tube was dispensed into a tissue culture flask containing 60 mL of peptone yeast glucose broth. Neutralizer controls were performed with each test solution. Masked flasks and plates were incubated at 35°C Ϯ 1°C for 14 days. After 14 days, the flasks and plates were examined for viable trophozoites under an inverted light microscope. The presence or absence of trophozoites was recorded. Table 2 shows the log reduction for all replicates tested in each lens care system. The amoebicidal activity against the cyst form was best for the Clear Care/AOSEPT Plus and BLUE Vision/ BLUE SEPT disinfection systems. OPTI-FREE Express and easyvision one stepϩ showed virtually no amoebicidal activity against the cyst form, whereas Oxysept 1 Step showed mild activity against the cyst form (Table 1 ).
RESULTS

Activity Against Cysts
In addition to higher activity against the cyst form of A. castellani, the between-replicate variability in log reduction of organisms was lowest for the Clear Care/AOSEPT Plus and BLUE Vision/BLUE SEPT systems. The other systems showed recoverable organisms at widely varying dilutions of the inoculated test samples. 
The presence of viable trophozoites is indicated as ϩ, and the absence of viable trophozoites is indicated as Ϫ. The presence of viable trophozoites is indicated as ϩ, and the absence of viable trophozoites is indicated as Ϫ. Table 3 shows that after 6 hours of exposure, all systems tested had similar activity against the trophozoite form of A. castellani.
Activity Against Trophozoites
DISCUSSION
The life cycle of Acanthameoba is characterized by stages of active feeding and replication (trophozoite) and formation of dormant cysts. 21 The cyst stage is extremely resistant to changes in temperature, desiccation, and disinfection. 21 Encystment is the physiologic response of the amoeba to adverse changes in environmental conditions, including food source depletion, osmolarity, and the presence of sublethal biocides. 21 In vitro, starvation and incubation with taurine, calcium, and magnesium have been shown to induce encystment in axenically growing trophozoites. 21 Although extensive work has not been conducted on the composition of the cyst wall, it is believed to contain cellulose and acidinsoluble protein-containing material. 21 It has been hypothesized that the various environmental conditions that may induce encystment may result in variable cyst wall chemical compositions that may be more or less susceptible to disinfection. 21, 22 The number of endocyst arms (rays) and the size of cysts may also change under different culture conditions. Heterogeneity in cyst structure has been observed clinically in patients with corneal ulcers. 22 Because the transition from the trophozoite stage to the cyst stage may occur rapidly and cysts may readily infiltrate the corneal stroma, their control and eradication are of great importance. 22 All five of the contact lens disinfection systems evaluated were effective against A. castellani trophozoites after 6 hours of exposure. Little variability was observed in the performance of any of the systems against the trophozoite form.
Against the cyst form of A. castellani, only Clear Care/AOSEPT Plus and BLUE Vision/BLUE SEPT were effective, with mean log reductions of 1.8 and 2.0, respectively. Results were consistent for most tested replicates, with variability seen in only 1 of the 12 replicates for these two systems. Oxysept 1 Step showed mild activity against cysts and achieved a mean log reduction of 0.7 units. The Oxysept 1 Step samples also showed a large range of activity, with most samples achieving a 1.0-unit reduction and other samples performing similar to the phosphate-buffered saline-positive controls. Of the hydrogen peroxide systems, easyvision one stepϩ was the only one to show little efficacy against cysts of A. castellani, with one replicate performing worse than the positive controls.
The active agent in these four systems, 3% hydrogen peroxide, though effective against cysts of many species of Acanthameoba in full concentration, must be only part of a system in which the peroxide is carefully and reliably neutralized before the placement of lenses on the eye. 23, 24 The easyvision one stepϩ system may neutralize the peroxide too rapidly or, in some other way, diminish the effectiveness of neat 3% hydrogen peroxide against the cysts.
Four of the six tested replicates of OPTI-FREE Express showed virtually no amoebicidal activity against the cyst form, with results similar to the viability controls used in the study. One of the six replicates showed good activity, with a 2.0-unit reduction. These results for OPTI-FREE Express are in stark disagreement with earlier findings by Rosenthal et al., 25, 26 but support the findings reported by Kilvington. 27 Specific laboratory techniques could contribute to differing results, such as differences in incubation times for cyst production, coexisting bacteria or other soil, neu-tralization method for disinfecting agents, or some other laboratory methods or conditions. Even the most current International Organization for Standardization standard, ISO 14729:2001, states that due to "lack of standard methodology, this International Standard does not recommend acanthamoebicidal testing." 28 The current method for evaluating the microbiocidal effectiveness of contact lens disinfecting systems was independently developed by Smith et al. 29 and was specifically designed for testing Acanthameoba species before conducting this study. The source of the within-product variability in performance in the current study may also be the result of lot-to-lot variation in active agents or some other unknown cause. The methodology by Smith et al. follows one recommended by Buck et al., 30 who conducted a review of methods used to evaluate the effectiveness of lens care solutions against Acanthameoba. The test organism used in the current study, A. castellani, was the most widely tested and was used in 16 of 23 studies cited in the review of methodology by Buck et al. 30 A. castellani has been frequently associated with microbial keratitis. 31 It is unknown whether other species of Acanthameoba are equally susceptible.
Testing for the efficacy after inoculation directly in the lens cases sold accompanying the solutions is a feature that was included in the current study design. This step is especially important for the four hydrogen peroxide systems, in which the neutralization profile is often controlled by the design of the lens case.
CONCLUSIONS
In conclusion, the results of this laboratory study indicate that there is a large range of efficacy against the cyst form of A. castellani among the lens disinfection systems tested, with the Clear Care/AOSEPT Plus and BLUE Vision/BLUE SEPT systems showing the most robust and predictable activity. Because of the potential for exposure to the microorganism through noncompliant regimens, including water use, and wearing conditions, such as swimming with lenses without goggles, the more fastidious and foolproof systems should be recommended in an effort to reduce the risk of complications from Acanthameoba. 16 
